Introduction
Naphthanilide derivatives consist of two chromophores (naphthalene and benzene) linked by the peptide bridge -C O N c, as indicated in Figure 1 . The bichromophor molecules play an important role in quantum optics as dye lasers [1] , optoelectrical switches [2] or light frequency converters [3] . In the molecules studied, three flexible bonds (N1-C2, C2-C4 and N l-R l see Fig. 1 ) allow rotation. As a result, the transition moments of the separated chromophores can have different space orientations in the ground and excited state. Therefore in some solutions naph thanilides like benzanilide derivatives can exhibit dual fluorescence [4] . The absorption and normal fluores cence (LE) spectra of the naphthanilide derivatives have been analysed on the basis of the naphthalene spectra [5] . It appears that the ß-and a-substituted derivatives of naphthanilide compose molecules pos sessing an extended conjugation in the longer or the shorter axis of the parent naphthalene molecule. This causes respective shifts of the observed absorption and fluorescence bands [6] .
In the present work we report experimental data of steady state spectroscopic measurements which are compared with theoretical calculation of electronic state energies. The WinMOPAC computer program was used in the performed calculation. Geometrical structures of the investigated molecules have been determined using the PM3 parameterisation proce dure [7] . The INDO/S semi-empirical method was used in calculations of the electronic singlet and triplet state energies. The calculations were conducted for the neutral, free molecule (closed-shell) in the gas phase. The theoretical data of the electronic singlet states are compared with experimental values de termined from the absorption spectra measured in methylcyclohexane solution and in the gas phase. The calculated energy values of the lowest triplet state are compared with the experimental data taken from phosphorescence spectra and for higher triplet levels from the time-resolved picosecond transient absorp tion spectra measurements.
Experim ental Details
Naphthanilide derivatives under study (presented in Fig. 1 ) have been synthesized and purified as de scribed in [8] . The UV-visible absorption spectra of naphthanilide derivatives were recorded with a Shimadzu UV-2401 PC recording spectrophotometer in methylcyclohexane (MCH) and vapour phase. The absorption measurements in the vapour phase were carried out using 10 cm Suprasil tube heated by re sistant wire. Argon was used as carrier gas for the molecules in vapour phase. The temperature of the absorption tube was held below the melting point of naphthanilide derivatives, i.e. in range of 360 -450 K. Fluorescence and phosphorescence spectra of these molecules at 77 K in a mixture of diethylether / toluene / ethanol (DTE, 2:1:1 v/v) rigid glass were measured with a Shimadzu spectrofluorophotometer RF-5301 PC. The concentration of the molecules in MCH and DTE solvents was about 10~4 M. The lu minescence light was observed perpendicular to the direction of the excited beam from a 2 mm diame ter quartz tube placed inside a finger quartz dewar. A mechanical tope chopper was employed as a phosphoroscope. Before use the MCH solvent was distilled from a sodium potassium amalgam to ensure that it is clean and free of water. The used solvents did not show any traces of luminescence being excited at Aex ~ 300 -320 nm. Figure 2 shows the absorption spec tra of molecules studied in the vapour phase and in MCH solvent. The total luminescence (fluorescence + phosphorescence) and the phosphorescence spectrum of these molecules in DTE rigid glass are presented in Figure 3 .
Calculations
The large number of atoms originating in the molecules under study (more then 32) puts some re strictions on the calculation method used. The only useful and practical method for this case is the semiempirical PM3 and INDO/S approach. Since in the lit erature we did not find any data concerning the bond length and angles describing the space structure of naphthanilide and its derivatives, we calculated them using the PM3 method. As it is shown in Fig. 1 , the naphthanilide molecules possess three flexible bonds allowing free rotation of the separated chromophores towards the plane of the peptide group.
In order to determine the space structure of the molecules under study, the following procedure has been adapted. Firstly, we optimised the internal en ergy of the molecules by putting a fixed value for the torsion angles C4C2N1 RI and N1C2C4C5, taking the third angle C2Nl-planeRl as a free running param eter along with bond lengths between all atoms and other geometrical parameters, i.e. angles between the bonds in benzene and naphthalene rings. In the sec ond step, the torsion angles C4C2N1R1 and C2N1-planeRl were fixed while N1C2C4C5 was a free run ning parameter. In the last step the angles N1C2C4C5 andC 2N l-planeR l were fixed while C4C2N1R1 was a free running parameter et cetera. The iteration pro cedure was continued until the minimum internal en ergy of molecules was found. The torsion angles de termined in this way are collected in Table 1 .
The energy levels of the singlet (5) and triplet (T) electronic states as well as the oscillator strengths of the transition between the corresponding levels S0 -► Sn of the compounds I-VI were determined by semi-empirical INDO/S-CI computation method us ing WinMOPAC software. Atom coordinates of the molecules studied for the INDO/S calculations were obtained from minimum energy for the optimised space geometry of the molecules. The configuration interaction (Cl) calculations were performed using wave functions including all electronic state which are generated by singly exciting all electronic states electrons in the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals. In our cal culations 90 singly excited configurations were taken into account. The calculated state energies were cut off at 6 eV.
Calculated energy values of the singlet states and the oscillator strength of the corresponding transitions S 0 -* S ex are listed in Table 2 . The triplet states energies determined in respect to the ground S0 state are given in Table 3 . Figure 2 shows the absorption spectra of ß-and anaphthanilides in MCH solution and in the gas phase. Two main bands in the 210 -250 nm and 260 -330 nm regions can be distinguished. The bands dispossess vibration structure, they compose a superposition of many transitions forming two distinct bands only. The absorption spectrum of the molecules studied in gas phase is broadened in comparison to that in MCH and only the band in the 200 -250 nm region has a distinct shape.
Results and Discussion

Absorption and Emission Spectra
The long-wave band in the region 260 -330 nm, as it was shown in [10] , comprises a very weak mr* tran sition appearing at v = 30770 cm-1 (A = 325 nm). This and earlier studies [9, 10] show that the absorp tion spectrum of the ß-and a-naphthanilides con sists of three main absorption bands with maxima at v = 30488 c m " 1 (328 nm), 34965 c m '1 (286 nm), and 45455 cm-1 (220 nm), respectively. In compar ison to naphthalene these bands correspond to the 'L" ('B 3 --1 A lg, 32151 c m -'), 'L, (>BJ, <-'A ,., 36365 c m " 1) and lBb (!B^ <-1A lg, 45250 c m " f) transitions [5] , respectively. It shows that the anilide chromophor at ß-and a-position of the naphtha lene ring compose a bichromophoric molecule with an extended conjugation primarily along the longi tudinal or along the perpendicular axis of the parent molecules. These substituents cause not only band shifts and intensity changes of the corresponding tran sitions but also promote new transitions. They proceed as a result of symmetry changes of the molecules studied in comparison to naphthalene. The shifts of the [Lb, *La, and *Bb absorption band maxima equal to about 3600 cm-1 , 900 cm" 1 and 1300 cm-1 for molecule I in comparison to the position in naphtha lene. The shifts of the corresponding bands of indi vidual molecules differ somewhat. Analysing the absorption spectra of the molecules studied (see Fig. 2 ) it follows that:
a) The absorption spectra of ß-and a-naphthanilides are less structured than these of naphthalene. Nevertheless three absorption regions can be distin guished. They are determined by the spectrum struc ture and supported by the extinction coefficient dif ferences.
b) The i>onset-values of the 1Lb band in solution and in the gas phase follow the inequality z>sol > Pgas or Agas > Asol. It indicates that the !Lb band of the studied molecules has a pronounced mt* admixture. This finding is in agreement with the i>max-changes observed for the nir* transition by changing the envi ronment from gas phase to liquid solvents [11] . c) In the absorption spectrum of ß-and a-naphthanilides the z/max value of the 'Bb band follows the relation £>"ax < P^ax, whereas in the case of the [Lb and *La bands an opposite dependence is noted, i.e.
m a x (l L b ) < ^m a x (l L b ) a n d T h i s
dependence is in agreement with the well known sub stituent effects [5, 17] .
d) The band ^ of ß-and a-naphthanilides con sists of two transitions. They are well visible in the vapour phase absorption spectra and less pronounced in solutions. Figure 3 shows the total luminescence (fluores cence + phosphorescence) and only the phosphores cence spectra of molecules I-VI at 77 K in DTE rigid glass. The fluorescence and phosphorescence bands show clear vibration structure. The most in tense peak in the phosphorescence spectrum origi nates from the 0-0 transition of 5 0 < -T { band at i>0_0 = 20700 cm -1 . As can be seen from the total luminescence spectra, the intersystem crossing ratio, defined as ratio of quantum yields of phosphorescence to fluorescence under steady excitation, possesses a value x = $ph/^F ^ 1 for all molecules under study. This indicates that the fluorescence emission from the S{ state follows the conditions of the n -> 7r* tran sition [15] . It supports the former findings concern ing a blue shift of the t'onset^Lb) value by changing the environment of the absorbing molecules from the vapour phase to solvent. As can be seen in Fig. 3 at 77 K the total luminescence spectra of the molecules I-IV besides the fluorescence and phosphorescence bands possess a third unstructured band with i>max at about 24000 cm -1 (A ~ 440 nm). This unstruc tured band originates from the cis-imidol tautomer emission. Its intensity is higher for the ß substituted molecules (I and III), and it is dominating in the spec tra of N-naphthalene a-and /3-naphthanilides. For the molecules under study the cis-imidol tautomers and excimers are created in molecular films and rigid glasses [10, 12, 13] . The excited excimers facilitate occurrence of a double excited state proton transfer reaction in which the imidol form of these molecules is created [12] . The emission band of this form is unstructured and shifted to lower v values (longer wavelength) [11 -14] . The low temperature lumines cence spectra of molecules V and VI do not show this unstructured band (see Fig. 3 ), since the N-methyl substituent prohibits this reaction. The above finding supports the existence of H-bonded dimers of naph thanilides which can give rise to concerted biprotonic transfer and the cis-imidol tautomer formed in I-IV compounds.
Results of Chemical Structure and Excited State Energies Calculation
As mentioned earlier, the PM3 method has been employed for the ground state (5 0) geometry opti misation of studied compounds. Table 1 collects the values of the rotation angles as well as the space angles between the plane of the peptide linkage -CON<, substituted naphthalene and benzene rings. Figure 4 shows fully optimised chemical structures of molecules I, II, V and VI calculated keeping the bond lengths, the angles of rotation around the flexible bonds: N1-C2, N l-R l and C2-C4 as variable parame ters. The molecular structures shown in Fig. 4 dispose the chemical structure of the molecule in a way that the peptide linkage is situated in the plane of the page (a) and perpendicular to it (b). The computer-drawn chemical structures as well as the space angles col lected in Table 1 point out that for molecules V and VI planes of the chromophores, i. e. phenyl and naphthyl are parallel to each other and compose an angle of about 90° to the plane of the peptide bridge. For the other molecules where the N-methyl substituent is replaced by the H atom (I and II), a distinct differ ences from 90° is noted. The differences in the space structure of the studied molecules are reflected in the computed energy values of the excited singlet (5) and triplet (T ) electronic states.
Analyzing the data collected in Table 2 and 3 it follows that for the molecules under study in the 6 eV excitation region there appear more levels than listed for naphthalene. Distinct differences between the os cillator strengths of the molecules studied and that calculated for naphthalene are also noted. It concerns particularly the absence of strictly forbidden transi- tions, which appear in the naphthalene spectrum. It is a consequence of the symmetry changes of the molecules studied in comparison to that of naphtha lene (D2h).
Generally, in the molecules studied the weak long wave transition at 30000 -32000 cm -1 (in naphtha lene the *Lb transition for which the oscillator strength f ( [Lb) = 0.003) is accompanied by one or two transi tions of similar strength. The stronger transition at v = 34000 -35000 cm -1 (corresponding to the [La band in naphthalene with / ( 1 La) = 0.166) is followed up by two transitions for which the oscillator strength are of the order 0.01 -0.60. These transitions do not appear in naphthalene. The main absorption band of naph thalene 'Bb at 42771 cm -1 has a corresponding band in the measured spectra at v -41856, 41617, 40498, 41751, 41773, and 41843 cm-1 for the molecules I, II, III, IV, V, and VI, respectively (see Table 2 ). The oscillator strengths of these transitions are smaller in comparison to naphthalene. Additionally, for the molecules studied this transition is accompanied by several close lying bands possessing non-zero oscil lator strengths. In naphthalene these transitions are forbidden (see Table 2 and [16] ).
It must be noted that in the 5. A nalyzing the data collected in Table 3 it follow s that the density o f the triplet energy states per eV is higher than in the singlet manifold. The calcu lated energy o f the T x state o f studied com pounds is in a very good agreement with experimental val ues determined from the 0 -0 vibrational transition o f the phosphorescence spectrum (see Table 4 ). A lso, it m ust be noted that for these m olecules the energy o f the T 2 state is smaller than that o f the S { level, contrary to that for naphthalene. This explains the in tensive phosphorescence em ission appearance at 77 K for these m olecules. We would like to notice that in the row o f calculated triplet state energies w e found a corresponding state for which the difference E (T m) -E ( T {) has a corresponding peak in the picosecond transient absorption spectrum [10] . The energy o f this state, energy difference E (T m) -E ( T X ) and the cor responding experimental vt-T i-values are listed in Table 4 . 
Conclusions
The performed spectroscopic and quantum-mecha nical studies o f the a and /?-naphthanilide derivatives have shown that:
• The experimental unstructured absorption spec trum can be decom posed into separate bands taking into account results o f theoretical computation. Its sum gives the experimental profile with a good ap proximation.
• • Changing the m olecular environment from the vapour to the solvent phase, the onset P-value o f the long-w ave (S0 -S {) absorption band changes in the
